Programmed -1 translational frameshifting is a process where the translating ribosome shifts the reading frame, which is directed by at least two stimulatory elements in the mRNA-a slippery sequence and a downstream secondary structure. Despite a lot of theoretical and experimental studies, the detailed pathway and mechanism of the -1 frameshifting remain unclear. Here, in order to understand the pathway and mechanism we consider two models to study the kinetics of the -1 frameshifting, providing quantitative explanations of the recent biochemical data of Caliskan et al. (Cell 2014(Cell , 157, 1619(Cell -1631. One model is modified from that proposed by Caliskan et al. and the other is modified from that proposed in the previous work to explain the single-molecule experimental data. It is shown that by adjusting values of some fundamental parameters both models can give quantitative explanations of the biochemical data of Caliskan et al. on the kinetics of EF-G binding and dissociation and on the kinetics of movement of tRNAs inside the ribosome. However, for the former model some adjusted parameter values deviate significantly from those determined from the available single-molecule experiments, while for the latter model all parameter values are consistent with the available biochemical and single-molecule experimental data. Thus, the latter model most likely reflects the pathway and mechanism of the -1 frameshifting.
Introduction
Programmed ribosomal frameshifting is a process where specific signals in the messenger RNA (mRNA) direct the translating ribosome to shift the reading frame. When the reading frame is shifted in the 3′ direction or the 5′ direction by one nucleotide, it is called þ 1 or À1 frameshifting, respectively. The classic example of the À 1 frameshifting contains two stimulatory signals in the mRNA-a slippery sequence and a downstream secondary structure [1] [2] [3] . In some prokaryotic cases such as the dnaX -1 frameshifting mRNA, three stimulatory signals-an upstream, internal Shine-Dalgarno (SD) sequence, the slippery sequence and the downstream mRNA duplex -are necessary to stimulate the efficient À 1 frameshifting [3] .
Recently, using single-molecule fluorescence to track directly the compositional and conformational dynamics of individual ribosomes at each codon, Chen et al. [4] studied the À1 frameshifting during translation of the dnaX -1 frameshift mRNA. The dynamics of long pausing associated with the À 1 frameshifting and the dynamics of EF-G and tRNA samplings in the long-paused state were studied in detail [4] . Using single-molecule fluorescence resonance energy transfer (FRET), Kim et al. [5] found that the pretranslocation ribosomal complexes exhibit multiple fluctuations between the non-rotated and rotated states before undergoing mRNA translocation during translation of the dnaX -1 frameshift mRNA even at saturating EF-G. With the PURExpress in vitro translation system, Yan et al. [6] found that the ribosomes can undergo several translocation excursions to shift reading frame and access a range of codon positions. Caliskan et al. [7] made detailed biochemical studies on the kinetics of the translocation reactions that govern the -1 frameshifting in the system with a modified IBV 1a/1b gene fragment (see Fig. S1a ). They studied the kinetics of EF-G binding and dissociation by monitoring the change in the fluorescence resonance energy transfer (FRET) between a FRET donor (Alexa 488, Alx) placed on ribosomal protein L12 that is known to recruit translation factors to the ribosome and a non-fluorescent FRET acceptor (QSY9) in the G domain of EF-G, and studied the kinetics of movement of tRNAs inside the ribosome by monitoring the change in the fluorescence of fluorescein (Flu) labeled at tRNA Leu and the change in FRET be-Several models have been proposed to address the À 1 frameshifting pathway and mechanism. It was proposed that the À1 frameshifting can occur at the aminoacyl-tRNA accommodation step [8, 9] , at the translocation step [10, 11] , or at both of the two steps [12] . A systematical analysis proposed that while the -1 frameshifting can occur during the translocation step, during the period after the posttranslocation and before the binding of the aminoacyl-tRNA and during the period after the codon recognition and before the peptidyl transfer, the frameshifting takes place mainly during the translocation over the slippery sequence [13] . In the previous work [14] , a new model of the -1 frameshifting was proposed to quantitatively explain the recent single-molecule experimental data of Chen et al. [4] on the dynamics of long pausing that is associated with the -1 frameshifting. The single-molecule FRET data of Kim et al. [5] and the experimental data of Yan et al. [6] were also explained [14, 15] . In the models [8] [9] [10] [11] [12] [13] [14] only the intersubunit rotations between the 50S and 30S subunits are considered. However, structural and biochemical studies showed that besides the intersubunit rotations, the intrasubunit rotations of the 30S head relative to the 30S body are also involved in the translocation of the tRNA-mRNA complex in the 30S subunit [16] [17] [18] [19] [20] . As the -1 frameshifting occurs mainly during the translocation step, it is necessary to incorporate the intrasubunit 30S head rotations in the model of the -1 frameshifting. Moreover, with the previous model by considering only the intersubunit rotations, although the experimental data of Chen et al. [4] , Kim et al. [5] and Yan et al. [6] can be explained well [14] , the biochemical data of Caliskan et al. [7] on the kinetics of the -1 frameshifting, which are monitored by labeling the ribosomal protein of the 30S head, cannot be explained.
In this work, to understand the detailed molecular mechanism and pathway of the -1 frameshifting and to quantitatively explain the biochemical data of Caliskan et al. [7] , we consider two models, with one being modified from the model proposed by Caliskan et al. [7] and another one being modified from the previous model [14] by also considering the intrasubunit 30S head rotations. It is shown that by adjusting values of some fundamental parameters both modified models can give quantitative explanations of the biochemical data of Caliskan et al. [7] . However, for the former model some adjusted parameter values deviate significantly from those determined from the single-molecule experiments of Chen et al. [4] , while for the latter model all of the adjusted parameter values are consistent with the available biochemical and singlemolecule experimental data. Thus, we believe that the latter model most likely reflects the pathway and mechanism of the -1 frameshifting. Fig. 1 . Schematic representation of the elongation pathway for ribosome translation of mRNA lacking both the slippery sequence and downstream secondary structure (see text for detailed description). Note that EF-G bound to the non-rotated pretranslocation state (State C) is in the compact conformation while EF-G bound to the rotated pretranslocation state (State H1, State H2, State H3) and bound to the non-rotated posttranslocation state (State POST1, State POST2) is in the elongated conformation [28] .
Models
To model the pathway and mechanism of the -1 translational frameshifting in the classic systems containing the two stimulatory elements in the mRNA-the slippery sequence and downstream secondary structure, we firstly present the model of the elongation pathway for the simple case of translation of the mRNA lacking both stimulatory elements. As done in Caliskan et al. [7] , the mRNA construct that contains both slippery sequence and pseudoknot is designated as þ/þ (see Fig. S1a ), while the construct that lacks both stimulatory elements is designated as -/-.
2.1. Model of the elongation pathway for translation of the mRNA lacking both two stimulatory elements
Based on the models proposed in the previous work [14, 21] , the elongation pathway of the translation of -/-mRNA by incorporating 30S head rotation is schematically shown in Fig. 1 , where the system is the same as that used in Caliskan et al. [7] . Just after the peptidyl transfer, the peptidyl-tRNA (fMetTyrLeuLys-tRNA Lys ) is in the A/A site and deacylated tRNA (tRNA Leu ) in the P/P site (State C0). Before EF-G.GTP binding, the ribosomal complex transits spontaneously between State C0 and hybrid State H0, with the majority being in State H0 [22] [23] [24] . EF-G. GTP can bind to both State C0 and State H0 [25] [26] [27] [28] . (i) If EF-G.GTP binds to State H0 (becoming State H1), after rapid GTP hydrolysis to GDP.Pi form smaller conformational changes in EF-G cause the tip of domain IV to shift towards and interact with the decoding center in the 30S subunit, inducing the counterclockwise (forward) rotation of the 30S head relative to the 30S body (State H2) [16] . The forward 30S head rotation then induces the ribosomal unlocking (State H3), widening the mRNA channel and causing the 30S subunit to transit from closed to open conformation [14] . The subsequent reverse intersubunit rotation together with the reverse rotation of the 30S head 1 , which are facilitated by the ribosomal unlocking, makes the 30S subunit move downstream relative to the mRNA that is coupled with the two tRNAs by one codon, while the high affinity of the 50S E and P sites for the two tRNAs [38, 39] fixes the two tRNAs to the 50S subunit, with State H3 transiting to posttranslocation state (State POST1). Facilitated by the ribosomal unlocking, Pi is also released rapidly but independently of the reverse intersubunit rotation [40] . In State POST1 with the non-rotated 30S head, the mRNA channel in the 30S subunit becomes tight 2 .
(ii) If EF-G.GTP binds to State C0, EF-G.
GTP facilitates State C transiting to State H1 [24] , where the forward 30S head rotation occurs (State H2), inducing the ribosomal unlocking (State H3). The subsequent reverse intersubunit rotation makes State H3 transit to State POST1. In State POST1, the "canonical" P/P-site peptidyl-tRNA induces the labile ribosome to be non-labile (State POST2) 3 [22] [23] [24] . Thus, in this work we consider that in the elongation cycle the transitions occur mainly along State C0 to State H0 to State H1, as done in the previous work [14] .
Models of the pathway of -1 frameshifting
Based on the model of the translation of -/-mRNA shown in Fig. 1 and the models of -1 frameshifting proposed before [7, 14] , we consider two models here to quantitatively explain the biochemical data of Caliskan et al. [7] . The two models are described as follows.
Model I
To explain their biochemical data, Caliskan et al. [7] proposed a model for the pathway of the -1 frameshifting (see Fig. S1 ). Based on the model of Fig. 1 , we modify the model of Fig. S1 , as shown in Fig. 2 which is called Model I. As the majority of the translating ribosomes frameshift (over 75%) [7] , for simplicity, in Fig. 2 only the -1-frame pathway is shown.
After the binding of EF-G.GTP to State H0 and then GTP hydrolysis to GDP.Pi (State H1), the forward 30S head rotation occurs (State H2), inducing the ribosomal unlocking (State H3). Due to the resistance of the downstream pseudoknot, the subsequent reverse intersubunit rotation, which is accompanied by the reverse 30S head rotation, causes an incomplete translocation at the slippery sequence, with the two tRNAs (tRNA Leu and fMetTyrLeuLys-tRNA Lys ) making a -1 shift of reading frames from UUA_AAG to UUU_AAA (State POST1). Then, the ribosome becomes non-labile (State POST2), accelerating EF-G.GDP release (State POST3). After the binding of the ternary complex EF-Tu.GTP.Val-tRNA Val (State TC1), the codon recognition (State TC2) and the aminoacyl-tRNA accommodation (State TC5), the peptidyl transfer takes place (State C0). Then, the spontaneous forward intersubunit rotation induces the ribosomal complex returning to State H0. The 0-frame pathway is similar to the -1-frame pathway and the branching occurs during the transition from State H3 to the posttranslocation state.
Model II
In the previous work [14] , we proposed a model of -1 frameshifting, where the 30S head rotations were not included for simplicity. Here, based on the model of Fig. 1 we modify the previous model [14] by considering the 30S head rotations to quantitatively explain the in vitro biochemical data of Caliskan et al. [7] . The modified model is called Model II, which is schematically shown in Figs. 3 and 4 .
In Fig. 3 , the transitions from State C0 through State H3 are the same as those in Fig. 1 or Fig. 2 . Due to the resistance of the downstream pseudoknot, the subsequent reverse intersubunit rotation can bring about the transition of State H3 to one of the following three states at the slippery sequence. One is the canonical posttranslocation state (State POST1), where the 30S subunit moves downstream by unwinding three mRNA base pairs while two tRNAs are fixed to the 50S subunit by the high affinity between them [38, 39] . Another is the classical non-rotated pretranslocation state (State FC), where the 50S subunit moves relative to the two tRNAs by overcoming the high affinity between 1 Note 1. As discussed in detail elsewhere [21] , the available structural data showed that the ribosome complexed with tRNA with the non-rotated intersubunit conformation always has a non-rotated 30S head [29] [30] [31] [32] [33] [34] [35] [36] [37] . Thus, it was argued that the reverse intersubunit rotation is accompanied or immediately followed by the reverse 30S head rotation [21] 2 Note 2. As the forward rotated 30S head causes the ribosomal unlocking, opening the mRNA channel [21] , and the non-rotated intersubunit conformation always has a non-rotated 30S head [29] [30] [31] [32] [33] [34] [35] [36] [37] , it is thus noted that the ribosomal complex with the non-rotated intersubunit conformation and non-rotated 30S head has a tight mRNA channel [21] . 3 Note 3. In the literature, the ribosome in the "non-labile" state is usually called in the "locking" state. Here, for distinguishing from the "unlocking" state mentioned above, we use the "non-labile" instead of "locking".
them while the mRNA duplex prevents the 30S subunit from moving downstream [41, 42] . The third is the non-canonical posttranslocation state (State LP), where both the 30S subunit moves downstream by unwinding two mRNA base pairs and shifting reading frames of the two tRNAs from UUA_AAG to UUU_AAA and the 50S subunit moves relative to the mRNA by bending the two tRNAs due to their high affinity for the 50S subunit [38, 39] and the codon-anticodon interaction with codons UUU_AAA 4 . From State POST1 the transitions to State C0 are similar to those shown in Fig. 1 (inside the region bounded by broken lines). However, it is noted that the pulling on the mRNA that arises from the annealing tendency of the unwound mRNA base pairs of strong interactions would cause the codon in the 30S A to bias towards the 3′ direction; and this may reduce the rates of codon recognition and tRNA accommodation compared to those of translation of -/-mRNA, prolonging Phe incorporation [7] . In State FC with the non-rotated 30S head, the mRNA channel becomes tight and EF-G.GDP facilitates the labile State FC transiting to rotated State FH. After EF-G.GDP release, EF-G.GTP binding, GTP hydrolysis and then 30S head rotation, State FH becomes State H2. In State LP with the non-rotated 30S head, the mRNA channel becomes tight. The bent P/P-site peptidyl-tRNA cannot induce efficiently the ribosome to be non-labile and EF-G.GDP facilitates the labile ribosome transiting to the non-canonical rotated state (State FS).
From State FS the transition pathway to State C0 is schematically shown in Fig. 4 [14] . After EF-G.GDP release, either EF-G.GTP or the ternary complex can bind to State FS1. If EF-G.GTP binds, in the open conformation of the 30S subunit GTP hydrolysis has a low efficiency to induce the forward 30S head rotation. Without the ribosomal unlocking, the ribosome is kept rotated during the cycle of EF-G.GTP binding through EF-G.GDP release. Then, consider the binding of the ternary complex EF-Tu.GTP.Val-tRNA Val (State FS2) 5 . The codon recognition induces the 30S subunit to transit to closed conformation, triggering GTP hydrolysis and Pi release (State FS3), followed by aminoacyl-tRNA accommodation and EF-Tu.GDP release (State FS4). During the slow codon recognition in the non-canonical rotated state, the aminoacyl-tRNA can be dissociated with a large probability, returning to State FS1. Thus, multiple bindings of the ternary complex can occur in the non-canonical rotated state [4] .
In State FS3 if the aminoacyl-tRNA is dissociated without completion of the accommodation (State FS8), since the 30S subunit is in the closed conformation, the ternary complex cannot bind efficiently to State FS8 whereas EF-G.GTP can bind efficiently. GTP hydrolysis induces efficiently the forward 30S head rotation and in turn induces the ribosomal unlocking (State FS9), facilitating the reverse intersubunit rotation. Due to the specific affinity of Fig. 2 . Schematic representation of Model I for the pathway of -1 frameshifting, which is modified from the model proposed by Caliskan et al. [7] (see text for detailed description). Here, only the -1 frameshifting pathway is shown. Note that EF-G in State H1, State H2, State H3, State POST1 and State POST2 is in the elongated conformation. 4 Note 4. Since in State LP the deacylated tRNA Leu forms codon-anticodon interaction with codon UUU, the deacylated tRNALeu has a low probability to dissociate from the E/E site. By contrast, in the previous work [14] , in State LP the deacylated tRNA d oes not form codon-anticodon interaction with codon XXX, the deacylated tRNA has a large probability to dissociate from the E/E site. 5 Note 5. Consider that the ternary complex EF-Tu.GTP.Phe-tRNA Phe binds, with tRNA Phe cognate to codon UUU. Because two tRNAs form codon-anticodon interaction with codons UUU_AAA, the codon recognition of tRNA Phe to codon UUU would have a low probability to drive the two tRNAs to shift the frames from codons UUU_AAA to codons UUA_AAG, and thus the ternary complex would dissociate with a high probability. This is different from that studied in the previous work [14] .
the 50S P site for the peptidyl-tRNA and the resistance of the mRNA duplex to the downstream movement of the 30S subunit, the reverse intersubunit rotation causes State FS9 transiting to State FS10. The transitions from State FS10 through State C0 are similar to those (inside the region bounded by broken lines) in Fig. 1 . In State FS3 if the accommodation is completed without aminoacyl-tRNA dissociation (State FS4), EF-G.GTP binding and then GTP hydrolysis (State FS5) induces efficiently the forward 30S head rotation and in turn induces the ribosomal unlocking (State FS6), facilitating the reverse intersubunit rotation, with State FS6 transiting to State FS7, where the canonical P/P-site peptidyl-tRNA induces the ribosome to be non-labile. After EF-G.GDP release and the peptidyl transfer, the ribosomal complex returns to Sate C0.
Equations
We study the change in FRET between L12 and EF-G, the change in the fluorescence of tRNA Leu (Flu), and the change in FRET between S13(AttoQ) and tRNA Leu (Flu) during translation of both -/-mRNA and þ/þ mRNA, in order to explain quantitatively the in vitro biochemical data of Caliskan et al. [7] . As in the experiment [7] , we take time t¼0 corresponding to State H0 (Figs. 1 -3) to study the change in FRET between L12 and EF-G, where tRNA Leu (Flu) is located in the P/E sites and fMetTyrLeuLys-tRNA Lys in the A/P sites, and the reaction is ended with the EF-G.GDP release from the ribosome. To study the changes of tRNA Leu (Flu)
fluorescence and FRET between S13(AttoQ) and tRNA Leu (Flu), the time t ¼0 corresponds to the moment just after the binding of EF-G.GTP to State H0, i.e., State H1. For the case of one round of translocation, the reaction is ended with the Lys incorporation and the ribosomal complex is in the posttranslocation state with EF-G. GDP release. For the case of two rounds of translocation, the reaction is ended with the Phe incorporation for -/-mRNA and is ended with Val (-1 frame) or Phe (0 frame) incorporation for þ /þ mRNA. 
Equations for translation of -/-mRNA
In the pathway of Fig. 1 been dissociated yet. Thus, for simplicity, we do not need to consider the transitions after the codon recognition in our studies of the changes of tRNA Leu (Flu) fluorescence and FRET between S13
and tRNA Leu (Flu).
Based on the pathway of Fig. 1 , the change in FRET between L12 and EF-G can be characterized by
where P 0 and P 6 are calculated from the following equations
The initial conditions (at t ¼ 0) for Eqs. (2)- (8) are imposed as follows: P 0 (0) ¼1 and
Based on the pathway of Fig. 1 , the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu) for the case of one round of translocation can be resorted to the following equations 
where k d is the rate of tRNA Leu (Flu) dissociation after the posttranslocation. The initial conditions (at t ¼0) are imposed as follows: P 1 (0)¼1 and P i (0) ¼0 (i¼ 2, …, 6). Considering that different conformations of the ribosomal complex should give different fluorescence intensities of tRNA Leu (Flu), as done before [46] , the change in the fluorescence of tRNA Based on the pathway of Fig. 1 , the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu) for the case of two rounds of translocation can be resorted to Eqs. (9)- (13) supplemented by the following equations
with initial conditions (at t ¼ 0) being as follows: P 1 (0) ¼ 1 and
. The change in the fluorescence of tRNA Leu (Flu) is calculated by
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A P t , 1 Fig. 2 with Fig. 1 it is seen that the pathway of -1 frameshifting for Model I is analogous to that for translation of -/-mRNA. Thus, we can use Eqs. (1)- (8) to study the change in FRET between L12 and EF-G for the translation of þ /þ mRNA; use Eqs. (9)- (16) to study the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu) for the case of one round of translocation; and use Eqs. (9)- (13) and (17)- (20) to study the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu) for the case of two rounds of translocation. However, the incomplete translocation could induce the ribosomal complex to have different conformations in Fig. 2 from those in Fig. 1 . Thus, the rate constants k 5 , k 6 , k 7 and k 8 for transitions in Fig. 2 could be significantly different from those in Fig. 1 Fig. 2 could also be different from those in Fig. 1 ; and the rate of tRNA Leu (Flu) dissociation (k d ) from the posttranslocation state in Fig. 2 could also be significantly different from that in Fig. 1. 
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Equations for kinetics of -1 frameshifting with Model II
As the majority of the translating ribosomes frameshift (over 75%) [7] , for approximation, only the frameshifting pathway is considered here. Based on our model (Figs. 3 and 4) , for the case of one round of translocation the pathway of state transitions can be shown in Fig. 5 . After EF-G.GDP release from the non-canonical rotated state (State FS1), in the absence of the ternary complexes EF-Tu.GTP.Phe-tRNA Phe and EF-Tu.GTP.Val-tRNA Val , EF-G.GTP binds to the ribosome (State FS1a). Then, GTP hydrolysis (State FS1b) induces the forward 30S head rotation (State FS1d) with a low probability of P U , while the forward 30S head rotation does not occur (State FS1c) with a high probability of 1-P U . If no 30S head rotation occurs, after Pi and EF-G.GDP release, State FS1c returns to State FS1. If the 30S head rotation occurs, the resultant ribosomal unlocking (State FS6) facilitates the reverse intersubunit rotation, making the ribosomal complex change to the non-rotated State FS7, where the peptidyl-tRNA in the "canonical" P/P conformation induces the ribosome to be non-labile, accelerating EF-G.GDP release (State FS70). Denoting by P i (i ¼ 0, 1, …, 13) the probabilities of states of Fig. 5 , based on the pathway shown in Fig. 5 , the change in FRET between L12 and EF-G can be characterized by
where P 0 , P 6 and P 13 are calculated from the following equations The initial conditions (at t ¼ 0) for Eqs. (22)- (35) are imposed as follows, P 0 (0) ¼1 and
Based on the pathway shown in Fig. 5 , the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu) for the case of one round of translocation can be resorted to the following equations where B 1 , B 2 , B 3 and B 4 are constants which represent FRETs at the state where the 30S head is rotated relative to the 30S body, at non-canonical non-rotated State LP, at non-canonical rotated states and at states after the reverse intersubunit rotation, respectively, relative to that at the pretranslocation state where the 30S head is not rotated (State H1). Consider the case of two rounds of translocation. The singlemolecule experimental data showed that the lifetime of EF-G bound to the non-canonical rotated states is much shorter than the lifetime of tRNA [4] . Thus, for approximation, we neglect the effect of EF-G.GTP binding to State FS1 in our studies of the changes of tRNA Leu (Flu) fluorescence and FRET between S13 and tRNA Leu (Flu). Then, from Figs. 3 and 4 the pathway for the case of two rounds of translocation is simplified to Fig. 6 , where State FS2a represents the branching point from which the codon recognition occurs with a probability of P C and the ternary complex is released with a probability of 1-P C . Since after the codon recognition (State 6 Note 6. This is consistent with the single-molecule experimental data of Chen et al. [4] showing that after the frameshifting the time of the elongation cycle is longer than that before the frameshifting. Moreover, in the several elongation cycles following the non-canonical state, the conformation of the ribosomal complex gradually returns to that of the canonical state.
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FS3), tRNA Leu (Flu) is considered to dissociate rapidly if it has not
been dissociated yet due to the allosteric cooperation between the A and E sites [43] [44] [45] , for simplicity, we do not need to consider the transitions after State FS3 in Fig. 6 . Based on Fig. 6 
with initial conditions (at t ¼ 0) being as follows: P 1 (0) ¼ 1 and 
FRET t P t B P t P t B P t B P t P t B P t P t
Results
It is noted that in our models whether during translation of -/-mRNA (Fig. 1) or during translation of þ/ þ mRNA (Figs. 2 and 3 ) the rate constants of transitions from State H0 through State H3 have the same values. In addition, since in Model II (Fig. 3) the transition from State H3 to State POST1 or to State FC or to State LP is caused by the same reverse intersubunit rotation, the three transitions have the same rate constant, k 4 . The values of these rate constants are chosen as follows. To be consistent with the experimental data of Caliskan et al. [7] , we take EF-G.GTP-binding rate k 1 ¼ 5 − s 1 throughout our calculations. Based on the available biochemical data [20] , the forward 30S head rotation is about 80 − s 1 . Thus, we take k 2 ¼ 80 − s 1 throughout the calculations. From the available biochemical data [40] , we take the ribosomal-unlocking rate k 3 ¼ 20 − s 1 in the calculations. As biochemical data showed that after the ribosomal unlocking the mRNA translocation or Pi release occurs rapidly [40] , we take k 4 having a large value. For the calculation, we take k 4 ≥ 100 − s 1 (the variation of k 4 has nearly no effect on the results provided that k 4 has a large value).
Results for kinetics of translation of -/-mRNA
The choice of values of rate constants k 1 , k 2 , k 3 and k 4 has been discussed above. In the following we discuss the choice of other rate constants k 5 , k 6 , and k d defined in Eqs. (2) - (14) and Fig. 1 . The biochemical data showed that after the posttranslocation, the ribosome becomes non-labile with a rate of about 5 − s 1 , which is followed by EF-G.GDP release, with a rate of about 20 − s 1 [40] . Thus, we take k 5 ¼ 
which is close to the value determined before by fitting to the single-molecule experimental data [47, 48] . With Eqs. (1)- (8), we study the change in FRET between L12 and EF-G. The calculated results for the time course of the change in FRET,
F t EF G
, are shown in Fig. 7a . The theoretical data can be fit to the function
where λ
and C is a constant. These are consistent with the biochemical data (Fig. 2B in Caliskan et al. [7] ).
With Eqs. (9)- (16), we study the changes in the fluorescence of tRNA Leu (Flu) and FRET between S13(AttoQ) and tRNA Leu (Flu) for the case of one round of translocation. The calculated results for the time courses of the change in tRNA Leu (Flu) fluorescence, ( ) Flu t 1 , and the change in FRET between S13(AttoQ) and tRNA Leu (Flu),
, are shown in Fig. 8a and b , respectively, where we take where λ 1 ¼ 9 − s 1 and λ 2 ¼ 3 − s 1 . The results are in good agreement with the biochemical data ( Fig. 4B and H in Caliskan et al. [7] ). The calculated data of ( ) FRET t 1 versus t can be fit to the two-exponential function
where λ 1 ¼ 9 − s 1 and λ 2 ¼ 3 − s 1 . The results are also in good agreement with the biochemical data ( Fig. 4E and H in Caliskan et al. [7] ).
Results for kinetics of -1 frameshifting with Model I
Values of rate constants k 1 , k 2 , k 3 and k 4 have been given above. Values of other rate constants k 5 , k 6 , k 7 , k 8 and k d defined in Eqs. (2)- (18) and Fig. 2 are adjusted to make the calculated data be consistent with the biochemical data [7] , which are described as follows.
First, we use Eqs. (9)- (16) to study the changes in the fluorescence of tRNA Leu (Flu), ( ) Flu t 1 , and FRET between S13(AttoQ) and tRNA Leu 
, for the case of one round of translocation. We adjust the rate constant of the ribosome becoming non-labile Fig. 8c and d , respectively, where we take B 1 ¼ 0.4 that is the same as that taken in Fig. 8b, A 
where λ 2 ¼ 0.9 − s 1 , λ 3 ¼ 0.2 − s 1 , and C 3 and C 4 are constants. These results are in good agreement with the experimental data (Fig. 4C , F and I in Caliskan et al. [7] ).
Then, we use Eqs. (9)- (13) and (17)- (20) where
, and C′ 1 and C′ 2 are constants. The calculated data of ( ) FRET t 2 versus t can be fit to the two-exponential function where λ 2 ¼ 0.9 − s 1 , λ 3 ¼ 0.2 − s 1 , and C′ 3 and C′ 4 are constants. These results are in agreement with the experimental data (Fig. 4C , F and I in Caliskan et al. [7] ). Furthermore, from Fig. 8c and d we see that for the case of two rounds of translocation the tRNA Leu (Flu) fluorescence has a further decrease and the FRET between S13(AttoQ) and tRNA Leu (Flu) has a further increase compared to those for the case of one round of translocation, which are also in agreement with the biochemical data (Fig. 4C , F and I in Caliskan et al. [7] ). Third, we use Eqs. (1)- (8) Values of rate constants k 1 , k 2 , k 3 and k 4 have been given above, while values of other rate constants k i (i ¼ 5, 6, …, 13), k d1 , k d2 and k d3 defined in Eqs. (36)- (48) and Fig. 5 are chosen as follows. We take k 5 ¼ 0.9 − s 1 , which is consistent with the smFRET data on the EF-G-facilitating forward ribosomal rotation [24, 49] . The EF-G.GTP binding rate k 7 ¼ k 1 ¼ 5 − s 1 for the concentration of EF-G.GTP used in the experiments of Caliskan et al. [7] . From the available biochemical data, we have GTP-hydrolysis rate k 8 ¼ 250 − s 1 [40] , 30S-head-rotation rate k 9 ¼ k 2 ¼ 80 − s 1 [20] , ribosome-becomingnon-labile rate k 11 ¼ k 3 ¼ 20 − s 1 [40] , reverse-intersubunit-rotation rate k 12 ¼ k 4 ≥ 100 − s 1 after the ribosomal unlocking [40] , and rate of ribosome becoming non-labile and then EF-G.GDP release, k 13 ¼ 4 − s 1 (with a rate of 5 − s 1 for ribosome becoming non-labile followed by release of EF-G.GDP of a rate of 20 − s 1 ) in the canonical posttranslocation state [40] . To be consistent with the single-molecule data showing that the lifetime of EF-G bound to the noncanonical long-paused state is about 0.9 s [4], we take k 10 ¼ k 6 ¼ 1.4 − s 1 in the calculation (this value of rate constant of EF-G.GDP release from the non-canonical long-paused state, together with the above values of k 8 and k 9 , give the mean lifetime of EF-G bound to the non-canonical state to be close to 0.9 s). To be consistent with the single-molecule data with the number of EF-G.GTP bindings to the long-paused rotated state being about 5 [4] , we take the probability P u ¼ 0.2. In addition, we adjust Fig. 8e and f, respectively, where we take
4 that is the same as that taken in Fig. 8b, B where λ 2 ¼ 0.9 − s 1 , λ 3 ¼ 0.2 − s 1 , and C 3 and C 4 are constants. These results are in good agreement with the biochemical data (Fig. 4C , F and I in Caliskan et al. [7] ).
Then, we use Eqs. (36)- (40) , for the case of two rounds of translocation (Fig. 6) . As mentioned above, we take k 5 ¼ 0.9 − s 1 , k 6 ¼ 1.4 − s 1 and k d1 ¼ 0, which are the same as those for the case of one round of translocation. In addition, we take the binding rate of the ternary complex EF-Tu.GTP.Val-tRNA
Val to be k' 7 ¼ 10 − s 1 (the variation of the value of k′ 7 has nearly no effect on the results provided that k' 7 ≥ 10 − s 1 ). To be consistent with the single-molecule data showing that the sampling number of the aminoacyltRNA to the non-canonical rotated state is about 2 and the sampling time is about 30 s [4], we take P C ¼ 0.5 and k′ 8 ¼ 0.04 − s 1 . For the calculation, we take k′ 9 (corresponding to the rate constant of deacylated-tRNA dissociation from the E site after the codon recognition in the A-site) having a large value, e.g., k′ 9 ≥ 100 − s 1 . The calculated results of ( ) Flu t (Fig. 4C, F and I in Caliskan et al. [7] ). Furthermore, it is seen that for the case of two rounds of translocation the tRNA Leu (Flu) fluorescence has a further decrease and the FRET between S13(AttoQ) and tRNA Leu (Flu) has a further increase compared to those for the case of one round of translocation, which are also in agreement with the biochemical data (Fig. 4C , F and I in Caliskan et al. [7] ). In addition, by comparing Fig. 8a with Fig. 8e it is seen that the relative magnitude of ( ) Flu t 1 with -/-mRNA to those of ( ) Flu t 1 and ( ) Flu t 2 with þ/ þ mRNA is also in good agreement with the biochemical data (Fig. 4 in Caliskan et al. [7] ). Similarly, by comparing Fig. 8b with 8f with þ/þ mRNA is also in good agreement with the biochemical data (Fig. 4 in Caliskan et al. [7] ).
Finally, with Eqs. (21)- (35) and values of parameters given above, we calculate ( )
, with the results shown in Fig. 7c . The calculated data can be fit to the function described by Eq. (56) where λ
These results are also in good agreement with the experimental data ( Fig. 2C in Caliskan et al. [7] ).
Model II is more reasonable than Model I
From Fig. 8c, d , e and f we note that both Model I and Model II can give quantitative explanations of the biochemical data of Caliskan et al. [7] . However, it is noted that in order to make the theoretical data be consistent with the biochemical data, in Model I it is required that the mean lifetime of an EF-G molecule bound to the ribosome is Fig. 2 ). By comparison, the single-molecule experimental data showed that the mean lifetime of an EF-G molecule bound to the non-canonical state is about 0.9 s and the mean lifetime of one tRNA sampling event to the non-canonical state is about 30 s [4] . The theoretical data of T EF-G and T tRNA are about 7-fold larger than the corresponding experimental data. Moreover, the very small rate constant of codon recognition, k 8 ¼ 0.005 − s 1 , in Fig. 2 implies that the rate of Val incorporation is about 0.005 − s 1 , which is much smaller than the biochemical data of about 0.06-0.3 − s 1 [7] . By contrast, in Model II values of all rate constants k i (i ¼ 1, …, 13), k′ 7 , k′ 8 and k′ 9 , probability P u and probability P C defined in Figs. 5 and 6 are consistent with the available biochemical and single-molecule data [4, 20, 24, 40] . These give the mean lifetime of an EF-G molecule bound to the non-canonical long paused state (about 0.9 s) and the mean lifetime of one tRNA
Val sampling event to the non-canonical long paused state (
to be consistent with the single-molecule data of about 0.9 s and 30 s, respectively [4] . The observed long lifetime of EF-G bound to the ribosome by Caliskan et al. [7] results from multiple EF-G cycles in Model II (Fig. 5) . In addition, the rate constant of codon recognition in the long-paused rotated state, k′ 8 ¼ 0.04 − s 1 , and probability P C ¼ 0.5 (see Fig. 6 ) give the rate of Val incorporation to be about 0.02 − s 1 , which is also close to the experimental data of about 0.06-0.3 − s 1 [7] . Thus, we think that Model II is more reasonable than Model I to describe the pathway of the -1 frameshifting in the classic systems studied in Caliskan et al. [7] .
Discussion
It is noted that for both Model I and Model II, in order to make the theoretical data be consistent with the experimental data, it is required that for the þ/ þ mRNA the rate of tRNA Leu (Flu) Consider that the decrease of tRNA Leu (Flu) fluorescence during the translation of þ/ þ mRNA observed in the experiments [7] results from the dissociation of tRNA Leu (Flu) and the conformational change of the ribosomal complex has no effect on tRNA Leu (Flu) fluorescence. To calculate the fluorescence change,
we consider the pathway shown in Fig. 2 , where tRNA Leu (Flu) can be dissociated from the ribosome after transition to State POST1. The dissociation rates from State POST1, State POST2 and State POST3 are denoted by k d1 , k d2 and k d3 , respectively. After the binding of EF-Tu.GTP.Val-tRNA Val and before the codon recognition, the dissociation rate is still represented by k d3 . Then, based on the pathway (Fig. 2) , for the case of one round of translocation the temporal evolution of the state probabilities P 1 , P 2 , P 3 , P 4 , P 5 and P 6 can be described by Eqs. (S5)-(S10) (see Section S2) and the change in the tRNA Leu (Flu) fluorescence can be calculated by
. For the case of two rounds of translocation, since after the codon recognition (State TC2) tRNA Leu (Flu) is considered to dissociate rapidly due to the allosteric cooperation between the A and E sites [43] [44] [45] , for simplicity, we do not consider the transitions after State TC2 in Fig. 2 . Thus, for the case of two rounds of translocation the temporal evolution of the state probabilities P 1 , P 2 , P 3 , P 4 , P 5 , P 6 and P 7 can be described by Eqs. (S5)-(S9), (S12) and (S13) (see Section S2) and the change in the tRNA Leu (Flu) fluorescence can be calculated by ∝ ∑ = Flu P i i 2 1
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. In order to make the calculated results be consistent with the experimental data (Fig. S3a) , we adjust the rate constant of tRNA Leu (Flu) dissociation from State POST1 to be k d1 ¼ 1 − s 1 , from State POST2 to be k d2 ¼ 0.065 − s 1 and from State POST3 or State TC1 to be k d3 ¼ 0, and the rate constant of the codon recognition, k 8 ¼ 0.05 − s 1 , while the rate constants k i (i ¼ 2, …, 7) are the same as those used to obtain the results shown in Fig. 8c and d . It is puzzling that while in State POST1 the dissociation rate k d1 is 1 − s 1 , after the ribosome becoming non-labile the dissociation rate k d2 is reduced to 0.065 − s 1 and moreover, after the EF-G.GDP release the dissociation rate k d3 becomes zero. By contrast, it is more reasonable that the three dissociation rates should have the relation, k d1 ≤k d2 ≤k d3 , and thus, if k d3 ¼ 0, k d1 and k d2 should also be zero. In fact, even for a small value of k d1 ¼ k d2 ¼ k d3 ¼ 0.2 − s 1 , the tRNA Leu (Flu) fluorescence for one round of translocation becomes nearly zero in 20 s (Fig. S3b) , and thus, the further decreases in the tRNA Leu (Flu) fluorescence would not be observed for two rounds of translocation, which is inconsistent with the experimental data [7] . Thus, the argument that the observed decrease of tRNA Leu (Flu) fluorescence during the translation of þ/ þ mRNA results from the dissociation of tRNA Leu (Flu) is unreasonable.
Concluding remarks
In summary, we present two models (Model I and Model II) to quantitatively explain the biochemical data of Caliskan et al. [7] on the change in FRET between L12 and EF-G, the change in tRNA Leu (Flu) fluorescence and the change in FRET between S13
(AttoQ) and tRNA Leu (Flu) during translation of the þ/ þ mRNA.
The further analysis showed that Model II is more reasonable than Model I to describe the pathway of the -1 translational frameshifting. In addition, it should be mentioned that Model II is much similar to that proposed in the previous work [14] except that the intrasubunit 30S head rotations are not included in Ref. [14] . In the previous works [14, 15] , the single-molecule experimental data of Chen et al. [4] on the dynamics of long pausing associated with the -1 frameshifting, the experimental data of Yan et al. [47] on multiple translocation excursions and broad branching of frameshifting pathways, and the single-molecule FRET data of Kim et al. [6] on multiple fluctuations between the non-rotated and rotated states of the ribosomal complex before undergoing mRNA translocation were explained quantitatively. Thus, we note that the diverse experimental data of Caliskan et al. [7] , Chen et al. [4] , Yan et al. [6] and Kim et al. [5] can be explained consistently by the very similar pathway and mechanism, as described by Model II.
